The genes encoding prephenate aminotransferase in arogenate-competent microorganisms for tyrosine synthesis are still unknown. Results: Three different classes of aminotransferase use prephenate as an amino acceptor. Conclusion: Prephenate aminotransferase functionality has arisen more than once during evolution. Significance: This first identification of prephenate aminotransferases in arogenate competent microorganisms affords a better understanding of the origin and fixation of the arogenate route during evolution.
The aromatic amino acids phenylalanine and tyrosine represent essential sources of high value natural aromatic compounds for human health and industry. Depending on the organism, alternative routes exist for their synthesis. Phenylalanine and tyrosine are synthesized either via phenylpyruvate/4-hydroxyphenylpyruvate or via arogenate. In arogenate-competent microorganisms, an aminotransferase is required for the transamination of prephenate into arogenate, but the identity of the genes is still unknown. We present here the first identification of prephenate aminotransferases (PATs) in seven arogenate-competent microorganisms and the discovery that PAT activity is provided by three different classes of aminotransferase, which belong to two different fold types of pyridoxal phosphate enzymes: an aspartate aminotransferase subgroup 1␤ in tested ␣-and ␤-proteobacteria, a branched-chain aminotransferase in tested cyanobacteria, and an N-succinyldiaminopimelate aminotransferase in tested actinobacteria and in the ␤-proteobacterium Nitrosomonas europaea. Recombinant PAT enzymes exhibit high activity toward prephenate, indicating that the corresponding genes encode bona fide PAT. PAT functionality was acquired without other modification of substrate specificity and is not a general catalytic property of the three classes of aminotransferases.
The aromatic amino acid biosynthesis pathway is only found in microorganisms and plants and never occurs in animals. This pathway links the metabolism of carbohydrates to the biosynthesis of aromatic amino acids involved in protein synthesis and the metabolism of a large diversity of aromatic secondary metabolites (1) (2) (3) . The aromatic amino acid biosynthesis pathway is thus of central importance for the growth of these organisms and for their interaction with their environment. Phenylalanine and tyrosine also represent an important source of high value aromatic natural compounds for industry and for human health.
Two alternative routes for the post-chorismate branch of the pathway leading to tyrosine exist: the 4-hydroxyphenylpyruvate route or the arogenate route (Fig. 1) . For the majority of green bacteria and many other microorganisms, L-tyrosine is synthesized via the arogenate route (4 -6) . Prephenate, in this case, is transaminated into arogenate by a specific transaminase before being decarboxylated into L-tyrosine by an arogenate dehydrogenase (EC 1.3.1.43). Alternatively, in microorganisms, such as Escherichia coli, prephenate is first transformed into 4-hydroxyphenylpyruvate by a prephenate dehydrogenase (EC 1.3.1.13) and then transaminated into L-tyrosine (7) . In other microorganisms, such as Zymomonas mobilis and Pseudomonas aeruginosa, a single enzyme termed cyclohexadienyl dehydrogenase can use either arogenate or prephenate as a substrate (8, 9) . Most organisms use the arogenate route exclusively for tyrosine biosynthesis; however, the vast majority of plants are the sole documented organisms that synthesize both tyrosine and phenylalanine via the arogenate route (10 -17) . Prephenate aminotransferase (PAT) 5 activity has only recently been identified in plants (18, 19) . PAT activity in Arabidopsis thaliana is carried out by an aspartate aminotransferase (AAT/PAT, At2g22250 gene; EC 2.6.1.1, EC 2.6.1.78, and EC 2.6.1.79) (18, 19) . This aminotransferase belongs to subgroup 1␤ (20) of the aspartate aminotransferases (1␤ AAT). In a previous study, we showed that this enzyme is bispecific, catalyzing the transamination of oxaloacetate into aspartate as efficiently as prephenate into arogenate (18) . In microorganisms, PAT activity was previously detected in cyanobacteria, actinobacteria, and some proteobacteria (4, 6, 21) . However, the genes coding the aminotransferases responsible for PAT activity in these microorganisms remain to be identified.
In the present work, biochemical analyses and mass spectrometry identification were combined to identify the genes responsible for arogenate synthesis in arogenate-competent microorganisms (cyanobacteria, ␣-and ␤-proteobacteria, and actinobacteria). It appeared that bona fide PAT activity can be hosted by three different aminotransferases, which belong to two different fold types of pyridoxal phosphate (PLP)-dependent enzymes. The capacity to transaminate prephenate was acquired without other modification of substrate property and is not a general catalytic property of the three classes of aminotransferases. The evolutionary implications of these results are discussed. Preparation of Crude Extracts and Protein Purification-Cells were harvested by centrifugation (4000 ϫ g, 45 min), and pellets were resuspended in 30 ml of 25 mM Hepes, pH 8.0, 1 mM EDTA, 1 mM DTT, 10% glycerol (v/v), 50 M PLP, 5 mM ⑀-aminocaproic acid, and 1 mM benzamidine and sonicated for 10 min at 4°C on a Branson sonicator. Streptomycin sulfate (0.1% (w/v)) was added to precipitate DNA, and the extract was centrifuged for 45 min at 40,000 ϫ g (Sorvall SS-34) at 4°C. Purifications were carried out at room temperature. Crude extract was loaded onto 130 ml of EMD DEAE 650(M) resin (Merck) in an XK 26 column (26 ϫ 260 mm 2 , Amersham Biosciences) equilibrated with buffer A: 25 mM Hepes, pH 8.0, 1 mM EDTA, 1 mM DTT, 10% glycerol (v/v), 50 M PLP. Proteins were eluted with a linear gradient of NaCl in this buffer. Active fractions were pooled and desalted and loaded onto 10 ml of Q-Sepharose resin (GE Healthcare) in a XK-16 column (Amersham Biosciences), equilibrated with buffer A. Proteins were eluted by a linear gradient (0 -0.5 M) of NaCl in buffer A. Active fractions were pooled and loaded onto HiPrep 16/60 Sephacryl S-200 column (Amersham Biosciences) equilibrated with buffer A supplemented with 100 mM NaCl. Active fractions were pooled and desalted and loaded onto a MonoQ column (UnoQ1, Bio-Rad) equilibrated with buffer A. Proteins were eluted with a linear gradient of NaCl in this buffer. Active fractions were concentrated using a 500-l Amicon ultrafiltration unit, frozen in liquid nitrogen, and stored at Ϫ80°C.
EXPERIMENTAL PROCEDURES
Identification of Prephenate Aminotransferases-The elution profile of PAT activity and SDS-PAGE analyses of the active fractions eluted from the last MonoQ column were compared. A unique polypeptide band co-eluting with PAT activity was identified, and the corresponding gel band in the most active fraction was cut from the gel (see Fig. 3 as an example). The peptides contained in this gel band were prepared for LC-MS analyses as described (22) . Nanoliquid chromatography LTQOrbitrap and bioinformatic analyses were performed as described (23) .
Determination of Enzyme Activities-Glutamate-oxaloacetate aminotransferase and aspartate-␣-ketoglutarate aminotransferase activities were assayed as described (18) . Branchedchain aminotransferase (BCAT) activity was assayed by coupling the reaction with glutamate dehydrogenase. Reaction mix contained 50 mM Hepes, pH 8.0, 50 mM NH 4 Cl, 25 mM glutamate, 200 M NADH, 6 units of glutamate dehydrogenase, and variable concentrations of the keto acid 4-methyl-2-oxovalerate, 3-methyl-2-oxovalerate, or 3-methyl-2-oxobutyrate. Activity was measured by monitoring oxidation of NADH at 340 nm. For N-succinyldiaminopimelate aminotransferase activity, N-succinyldiaminopimelate was kindly provided by Dr. Mengin-Lecreulx, and the enzyme activity was assayed by following the N-succinyldiaminopimelate-dependent formation of glutamate from ␣-ketoglutarate. A 10-l aliquot of reaction medium was derivatized for 1 min with o-phtaldialdehyde prior to its injection onto a Spherisorb ODS2 C18 column connected to an Agilent 1100 HPLC system. Elution was carried out at 1 ml/min with a 10 -60% methanol gradient (15 min) in 50 mM potassium phosphate buffer (pH 6.9). The o-phtaldialdehyde derivatives of amino acids were detected by fluorescence (excitation, 360 nm; emission, 455 nm). Glutamate was identified by comparison with an authentic standard. For the analyses of the substrate specificity of the different PATs, the capacity to transfer the amino group of glutamate to different keto acids was monitored by coupling the reaction with glutamate dehydrogenase as described for BCAT activity measurement (see above). Prephenate aminotransferase activities were assayed by coupling the reaction with purified Tyr-insensitive arogenate-specific dehydrogenase from Synechocystis (24) and following the reduction of NADP at 340 nm. The reaction was carried out at 30°C in 50 mM Hepes buffer (pH 8.0) in the presence of 40 nM coupling enzyme, 100 M NADP, and variable amounts of prephenate, aspartate, glutamate, leucine, isoleucine, or N-succinyl-LL-diaminopimelate (S-DAP). Activities were calculated using an ⑀ for NADPH of 6250 M Ϫ1 ⅐cm Ϫ1 at 340 nm. Arogenate formation was confirmed by HPLC analyses as described (18) .
Construction of Recombinant Vectors-Primers used for amplification of the aminotransferase genes from the corresponding genomic DNA are presented in Table 1 . Restriction sites introduced by PCR are underlined. These genes were cloned into pET30 b(ϩ) vector, and the recombinant proteins were produced without any tag with the exception of Sav_Q82EU6, which was cloned into pET28 b(ϩ) vector.
Overproduction and Purification of Recombinant ProteinsFresh colonies of transformed BL21 (DE3) Rosetta2 bacteria (Novagen, Darmstadt, Germany) were transferred into 15 ml of LB medium supplemented with the appropriate antibiotics and grown at 37°C. Saturated culture was transferred into 800 ml of LB medium supplemented with the antibiotics, and growth was continued until A 600 nm ϭ 0.6. IPTG (0.4 mM) was added to the medium, and the bacteria were grown at 20°C for 16 h. The crude extract was prepared as described for the native proteins. Purification of recombinant proteins was performed as follows. Crude extract of soluble proteins (20 -50 mg) was loaded on 10 ml of Q-Sepharose resin (GE Healthcare) in an XK-16 column (Amersham Biosciences), equilibrated with Buffer A. Proteins 
were eluted by a linear gradient (0 -0.5 M) of NaCl in buffer A. Active fractions were pooled and loaded on HiPrep 16/60 Sephacryl S-200 column (Amersham Biosciences) equilibrated with Buffer A supplemented with 100 mM NaCl. Active fractions were pooled, desalted in buffer A supplemented with 10% glycerol, frozen in liquid nitrogen, and stored at Ϫ80°C. Recombinant Sav_Q82EU6 was purified by a nickel-nitrilotriacetic acid affinity column.
RESULTS
Identification of Prephenate Aminotransferase in R. meliloti, Synechocystis, and S. avermitilis-To identify the protein carrying PAT activity in bacteria known to use the arogenate route for tyrosine biosynthesis, PAT activity was partially purified from cellular extracts of the ␣-proteobacterium R. meliloti, the cyanobacterium Synechocystis sp. (PCC 6803), and the actinobacterium S. avermitilis in a four-step process (see "Experimental Procedures" and Fig. 2 ). For the three cellular extracts, PAT activity eluted in a single peak at each purification step, and SDS-PAGE analyses of the active fractions eluted from the last MonoQ columns revealed for each cellular extract a unique gel band, which exactly followed the PAT activity profile of these fractions (see Fig. 3 as an example). The corresponding gel band in the most active fraction was extracted from the SDS-PAGE, and the polypeptides were analyzed by mass spectrometry and identified (22, 23) . The major polypeptide present in the analyzed gel band, on the basis of the spectral counts observed, corresponded to 1␤ AAT (Rme_Q02635) (EC 2.6.1.1) in R. meliloti, to a BCAT (Syn_P54691) (EC 2.6.1.42) in Synechocystis, and to an N-succinyldiaminopimelate aminotransferase (S-DAPAT) (Sav_Q82IK5) (EC 2.6.1.17) in S. avermitilis (Fig. 4) . The corresponding genes SDS-PAGE analyses of the active fractions eluted from the last MonoQ columns revealed for each cellular extract a unique gel band that exactly follows the PAT activity profile of these fractions (see Fig. 3 for an example). These gel bands (arrows) were cut from the gel in the most active fractions and submitted to MS identification. In all three cases, the major polypeptide present in the analyzed gel band, on the basis of the spectral counts observed, corresponded to an aminotransferase: an aspartate aminotransferase (Q02635) for R. meliloti, a branchedchain aminotransferase (P54691) for Synechocystis, and a succinyldiaminopimelate aminotransferase (Q82IK5) from S. avermitilis (see Fig. 4 ). SA, PATspecific activity of the most active fraction eluted from the last MonoQ column. -Rad) . B, PAT activity profile of active fractions eluted from the MonoQ column (UnoQ1, Bio-Rad). According to this PAT activity profile, only one gel band exactly follows it (arrow). The peptides contained in this gel band were cut from the gel in fraction 68 (black box) and submitted to MS identification (see Fig. 4 ). A similar procedure was used for the identification of the protein harboring PAT activity from R. meliloti and Synechocystis. Figs. 2 and 3) . In the three cases, the most abundant peptides, on the basis of the spectral counts observed, corresponded to an aminotransferase: an aspartate aminotransferase (Q02635) for R. meliloti, a branched-chain aminotransferase (P54691) for Synechocystis, and a succinyldiaminopimelate aminotransferase (Q82IK5) for S. avermitilis.
The Multiple Origins of Prephenate Aminotransferase
were cloned, and the recombinant proteins were overproduced in E. coli and partially purified (Fig. 5A) . Their ability to transaminate prephenate was confirmed. Detailed kinetic characterizations (Table 2 and Fig. 5B ) were then carried out to determine the efficiency of these proteins to transaminate the keto acid prephenate with glutamate as an amino donor and to examine how this additional kinetic competence compared with the original AAT, BCAT, and S-DAPAT activities. The kinetic parameters of AAT (Rme_Q02635), BCAT (Syn_P54691), and S-DAPAT (Sav_Q82IK5) displayed in Fig. 5 and Table 2 indicate that, in the presence of glutamate as an amino donor, the three enzymes efficiently transaminate prephenate and thus can be considered bona fide PATs. Indeed, k cat values for arogenate synthesis in the presence of glutamate were 43 s Ϫ1 for AAT/PAT (Rme_Q02635) and 60 s Ϫ1 for BCAT/PAT (Syn_P54691). These k cat values are similar to the BCAT activity or slightly lower than the AAT activity. K m values for prephenate were in the range of 20 -300 M (Fig. 5 and Table 2 ).
S-DAPAT is involved in the synthesis of lysine in some bacteria (25) and catalyzes the transamination of the keto acid N-succinyl-L-2-amino-6-oxopimelate into S-DAP (Fig. 6 ). We were able to obtain N-succinyl-LL-diaminopimelate, and this allowed us to confirm that Sav_Q82IK5, which had not been previously characterized, could indeed use S-DAP as an amino donor to transaminate prephenate ( Fig. 5 and Table 2) or ␣-ketoglutarate (Fig. 6B) . Its capacity to transaminate prephenate compares well with AAT/PAT and BCAT/PAT (k cat ϭ 54 s Ϫ1 ). 
PAT Functionalities Were Acquired without Other Modification of Substrate Specificity-
We then analyzed the substrate specificity of the three PATs. 1␤ AAT/PAT (Rme_Q02635), as the previously characterized Arabidopsis 1␤AAT/PAT At2g22250 (18, 19) , was found highly to be specific toward aspartate and glutamate because it was unable to transfer the amino group of glutamate to phenylpyruvate, 4-hydroxyphenylpyruvate, and 4-methyl-2-oxovalerate. BCAT/PAT (Syn_P54691) was able to transfer the amino group of glutamate to 4-hydroxyphenylpyruvate and phenylpyruvate and unable to transaminate oxaloacetate (Table 3) . Its specificity constant (k cat /K m ) for the aromatic substrates phenylpyruvate and 4-hydroxyphenylpyruvate was found to be 10 times smaller than that for prephenate (Table 3) . S-DAPAT/PAT (Sav_Q82IK5) was unable to transfer the amino group of glutamate to phenylpyruvate, 4-hydroxyphenylpyruvate, 4-methyl-2-oxovalerate, and oxaloacetate.
PAT Activity Is Not Shared by All 1␤ AAT, BCAT, or LLDiaminopimelate Aminotransferase (DAPAT) Enzymes-A possible explanation for the observed PAT diversity could be that all members of these three classes of aminotransferase are able to catalyze prephenate transamination. To address this issue, other 1␤ AATs, BCATs, and S-DAPATs from Synechocystis sp., and S. avermitilis were analyzed. We identified by BLAST and cloned two 1␤ AATs from Synechocystis sp. (Syn_Q55128) and from S. avermitilis (Sav_Q82DR2), and a BCAT (Sav_Q82JN7) from S. avermitilis. All three recombinant aminotransferases were produced in E. coli and partially purified (Fig. 7) . Because none of them were previously characterized, we first confirmed that they displayed the aminotransferase activities as predicted by their annotation (Table 4) . We next analyzed their capacity to transaminate prephenate into arogenate. All three aminotransferases were found to be devoid of detectable PAT activity. We also cloned, expressed in E. coli, and partially purified a second annotated S-DAPAT (Sav_Q82EU6) from S. avermitilis. However, this aminotransferase appeared to be wrongly annotated because it was found to be unable to transfer the amino group of S-DAP to ␣-ketoglutarate to yield glutamate. Instead, HPLC analyses revealed that this aminotransferase was able to transfer the amino group of glutamine to ␣-ketoglutarate (not shown), indicating that this aminotransferase belongs to the closely related family of glutamine transaminase K (EC 3.5.1.2). This enzyme was unable to transaminate prephenate into arogenate using glutamine as amino donor. Finally, the DAPAT (EC 2.6.1.83) of Synechocystis (Syn_Q55828) was also analyzed and found to be devoid of PAT activity (cyanobacteria do not harbor any S-DAPAT activity but do possess DAPAT activity (26)).
1␤ AAT/PAT, BCAT/PAT, and S-DAPAT/PAT Are Observed in Other Proteobacteria, Cyanobacteria, and Actinobacteria-
We then investigated whether AAT/PAT could be found in other proteobacteria previously shown to utilize the arogenate Values given are the average of at least three independent determinations. The difference in each set of data was Ͻ10%.
a The capacity of M. tuberculosis (Mtu_O50434) and N. europea (Neu_Q82S89) to catalyze the transamination of prephenate with S-DAP as amino donor was confirmed, but the kinetics parameters were not determined. b k cat value for M. tuberculosis O50434 and N. europea (Neu_Q82S89) S-DAPAT/ PAT were corrected assuming a degree of purity of 30 and 10%, respectively (see Figs. 8 and 9 ). No activity could be detected in the corresponding non-induced crude extracts. 4-MOV, 4-methyl-2-oxovalerate.
FIGURE 6. S-DAPAT-catalyzed reaction.
A, scheme of the reaction. B, HPLC analyses of the reaction. The t 0 reaction mix (100 l) contained 100 M S-DAP and 100 M ␣-ketoglutarate in 50 mM potassium phosphate buffer (pH 6.9). The reaction was initiated with the recombinant S-DAPAT (Sav_Q82IK5, Mtu_O50434, or Neu_Q82S89). The reactions were allowed to proceed for 15 min at 30°C and were stopped by centrifugation on Vivaspin 10K concentration units. A 20-l aliquot of the flow-through was derivatized for 1 min with o-phtaldialdehyde prior to its injection on a Spherisorb ODS2 C18 column connected to an Agilent 1100 HPLC system. Elution was carried out at 1 ml/min with a 10 -60% methanol gradient (15 min) in 50 mM potassium phosphate buffer (pH 6.9). The o-phtaldialdehyde derivatives of amino acids were detected by fluorescence (excitation, 360 nm; emission, 455 nm). Glutamate was identified by comparison with an authentic standard.
route (4, 27) , BCAT/PAT in another cyanobacterium, and S-DAPAT/PAT in another actinobacterium. BLAST searches with the three previously identified PAT sequences allowed the identification of putative orthologs in a second bacterium in each class. The highest score returned by the BLAST searches were for 1␤ AAT (Rsp_A3PMF8) and 1␤ AAT (Neu_Q82WA8) in the ␣-proteobacterium R. sphaeroides and the ␤-proteobacterium N. europaea, respectively, a BCAT (Sco_Q3AJX2) in the cyanobacterium Synechococcus sp., and an S-DAPAT (Mtu_O50434) in the actinobacterium M. tuberculosis. The genes of these four aminotransferases were cloned, and the corresponding proteins were overproduced in E. coli and characterized. As shown in Table 2 and Fig. 8 , all orthologs effectively displayed bona fide PAT activity in addition to the expected aminotransferase activities. With the exception of the 1␤ AAT (Neu_Q82WA8) from N. europaea, the kinetic parameters of these proteins for the transamination of prephenate were of the same order of magnitude as those of their orthologs first characterized (Table 2) . They all present the same substrate specificity as their respective orthologs ( Table 3 ). The PAT specificity (k cat /K m ) of 1␤ AAT (Neu_Q82WA8) was found to be 50 -1000 times lower than that of the corresponding 1␤ AAT orthologs Rsp_A3PMF8 and Rme_Q02635 (k cat /K m was 0.002 M Ϫ1 ⅐s Ϫ1 compared with 0.08 -2.6 M Ϫ1 ⅐s Ϫ1 for the other PATs characterized).
N. europaea Possesses Two Distinct PAT Activities-N. europaea is known to exclusively use the arogenate route for tyrosine biosynthesis (9); however, although measurable, the PAT activity displayed by Neu_Q82WA8 appears too low to be of physiological relevance. We thus checked whether PAT activity could be sustained by another aminotransferase (AAT, BCAT, or S-DAPAT) in N. europaea. BLAST searches with the previously identified AAT/PAT, BCAT/PAT, and S-DAPAT/PAT sequences allowed the identification of putative orthologs: two BCATs (Neu_Q82TJ4 and Neu_Q82UJ8) and a S-DAPAT (Neu_Q82S89). No 1␤ AAT ortholog could be identified. The genes of these three aminotransferases were cloned, and the corresponding proteins were overproduced in E. coli and partially purified (Fig. 9) . The corresponding recombinant proteins were characterized, and with the exception of the predicted BCAT ortholog (Neu_Q82UJ8), which was found in this study to be a D-alanine aminotransferase (EC 2.6.1.21), the remaining two orthologs displayed the aminotransferase activities expected from their annotations (Table 4 and Fig. 6 ). The analyses of their respective capacity to catalyze PAT activity Values given are the average of at least three independent determinations. The difference in each set of data was Ͻ10%. All aminotransferases were tested in the presence of 25 mM glutamate and up to a 500 M concentration of the indicated ketoacids, except for S-DAPAT activity, which was tested in the presence of 5 mM S-DAP and up to 500 M ␣-ketoglutarate. 0, no activity detected. OAA: oxaloacetate; 4-MOV: 4-methyl-2-oxovalerate; PP: phenylpyruvate.
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a ND, the capacity of S-DAPAT from S. avermitilis (Sav_Q82IK5), M. tuberculosis (Mtu_O50434), and N. europaea (Neu_Q82S89) to catalyze the transamination of ␣-ketoglutarate with S-DAP as amino donor was confirmed by spectrophotometry and HPLC (see Fig.6 ), but the kinetics parameters were not determined.
FIGURE 7.
Partial purification of recombinant non-prephenate aminotransferases. For all proteins, a single Q-Sepharose chromatography step was performed as described under "Experimental Procedures." Lanes 1, 2, and 3 correspond to total extract (20 g), soluble extract (20 g), and most active fraction after the purification step (15 g), respectively.
TABLE 4 Specific activity of recombinant non-prephenate aminotransferases
Activities of the most active fractions eluted from the Q-Sepharose columns (Figs. 7 and 9) were monitored in the presence of saturated concentrations of substrates. OAA, oxaloacetate; 4-MOV, 4-methyl-2-oxovalerate; ␣-KG, ␣-ketoglutarate.
revealed that the S-DAPAT Neu_Q82S89 displayed bona fide PAT activity that compared well with the PAT activity of the S-DAPAT/PAT Sav_Q82IK5 and Mtu_O50434, both in terms of activity and substrate specificity (Tables 2 and 3 ). The other two aminotransferases were found to be devoid of any detectable PAT activity. N. europaea thus possesses a second PAT much more efficient than the previously found 1␤ AAT Neu_Q82WA8.
DISCUSSION
In the present study, we analyzed the arogenate route alternative in the synthesis of the aromatic amino acid tyrosine in three different arogenate-competent prokaryote phyla (proteobacteria, cyanobacteria, and actinobacteria) through the identification of PAT functionality in seven bacterial strains. Our results revealed that the nature of the aminotransferase conferring PAT activity differs depending on the tested microorganisms. PAT activity is housed by a 1␤ AAT in the ␣-proteobacteria R. meliloti and R. sphaeroides and the ␤-proteobacterium N. europaea, by a BCAT in the cyanobacteria Synechocystis sp.
and Synechococcus sp., and by an S-DAPAT in the actinobacteria S. avermitilis and M. tuberculosis and the ␤-proteobacterium N. europaea.
The variety and the identity of PAT enzymes could not be anticipated from previous biochemical analyses of arogenate-dependent organisms, but puzzling previous observations can now be explained in the light of our results. In the first report of arogenate synthesis in the cyanobacterium Agmenellum quadruplicatum (4, 27) , leucine, isoleucine, and phenylalanine proved to be efficient amino-donors. This is now explained by our identification of BCAT/PATs in Synechocystis and Synechococcus, which both effectively present some aromatic aminotransferase activity (Table 3) in addition to their BCAT and PAT activity. Also, the observation (28) that in the actinobacterium Amycolatopsis methanolica none of the tested amino-donors, except glutamate, allowed detection of prephenate aminotransferase activity can be explained by the identification of a totally unexpected PAT housed by a highly specific S-DAPAT in the two actinobacteria analyzed.
The three classes of aminotransferase presently found to support arogenate synthesis belong to two different fold types of PLPdependent enzymes. 1␤ AAT and S-DAPAT are structurally related because they both belong to the fold type I. By contrast, BCATs belong to the fold type IV, which is structurally unrelated to fold type I (29) . This reveals that PAT function could not originate from a common aminotransferase ancestor because the two fold types are evolutionarily distinct (29, 30) and suggests that the arogenate route has arisen more than once during evolution. The acquisition of PAT functionality by three different aminotransferases reflects the plasticity of these enzymes. Interestingly, our results reveal that these aminotransferases have gained PAT functionalities without any noticeable change in their original substrate specificity (Table 3 ). From an evolutionary point of view, the N. europaea case is interesting because this organism harbors two different PATs, a 1␤ AAT/PAT, as observed in the closely related ␣-proteobacteria, and an S-DAPAT/PAT, as found in the more distantly related actinobacteria. Two scenarios may explain this observation; either N. europaea has acquired its S-DAPAT/PAT by horizontal gene transfer from an actinobacterium, or it has independently evolved it from an endogenous S-DAPAT. A phylogenetic analysis might help argue in favor of one or the other possibility. However, this is not yet possible due to the low number of S-DAPATs characterized to date (three in this study and only two others previously studied: one in the ␤-proteobacterium Bordetella pertussis (31) and another one in the actinobacteria Corynebacterium glutamicum (32) ).
Our present finding that PAT functionality has distinct origins also suggests that although plant aromatic amino acids are exclusively synthesized in the chloroplast (33), the plant arogenate route did not originate from cyanobacteria, which possess a BCAT/PAT. Most probably, the 1␤ AAT/PAT encoded by the At2g22250 gene was acquired either via the mitochondrial ancestor or via a lateral gene transfer event.
The evolution of a new functionality in different classes of aminotransferases has been previously described for the conversion of ketomethiobutyrate into methionine in the last step of the methionine regeneration pathway. In some microorganisms, a broad specific aspartate aminotransferase was found to be the enzyme responsible; in others, it was a broad specific tyrosine aminotransferase; and in Gram-positive bacteria, it was a BCAT (34) . PAT activity thus appears to be another example of this capacity of aminotransferases from different PLP fold types to evolve convergent functionality; however, PAT functionalities were gained by aminotransferases with high substrate specificities.
In contrast to the methionine regeneration pathway that is present in all organisms, the arogenate route is found only in some organisms. We can thus take advantage of this feature to tentatively search for the evolutionary benefit provided by the arogenate alternative. A metabolic consequence of tyrosine synthesis from arogenate is the exclusion of 4-hydroxyphenylpyruvate (4-HPP) as an intermediate in the tyrosine biosynthesis pathway (Fig. 10) . Interestingly, this exclusion could avoid futile cycling in microorganisms containing the tyrosine catabolic pathway, which proceeds via 4-HPP and then homogentisate. Microorganisms devoid of this catabolic pathway, which involves the presence of 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) and of 1,2-homogentisate dioxygenase (1,2-HGAD) (35, 36) and leads ultimately to fumarate and acetoacetate, are unable to grow on tyrosine as a single carbon and nitrogen source (37) . We thus checked using BLAST searches in the NCBI genomic database for a possible association between the presence of the arogenate route and the presence of the tyrosine catabolic pathway. We observed the following. (i) 4-HPPD and 1,2-HGAD orthologs are found in the majority of ␣-proteobacteria, most ␤-proteobacteria, and most actinobacteria, two bacterial classes and one bacterial phylum reported to synthesize tyrosine via the arogenate route (38) (this work). (ii) 4-HPPD and 1,2-HGAD are absent in the Gram-positive Bacillus subtilis, a microorganism proven to synthesize tyrosine via 4-HPP (39) and thus lacking the arogenate route. (iii) BLAST analyses also revealed the absence of 4-HPPD and 1,2-HGAD in all enterobacteria that have been proven (E. coli (40, 41) ) or predicted (38, 42) to synthesize tyrosine via 4-HPP by a fusion between chorismate mutase (AroQ) and prephenate dehydrogenase (TYRA) (38, 42) ; (iv) BLAST analyses also revealed that in cyanobacteria, the presence of the arogenate route is linked to the presence of 4-HPPD but not of 1,2-HGAD. In these photosynthetic microorganisms, as in plants (43), homogentisate provided by 4-HPPD is the aromatic precursor of vitamins E. The presence of tyrosine degradation enzymes in arogenate-competent microorganisms and their absence in arogenate-incompetent microorganisms suggest that one possible driving force behind the convergent emergence and fixation during evolution of the arogenate route was the exclusion of 4-HPP from the tyrosine biosynthetic pathway (Fig. 10) . This exclusion certainly provided a selective advantage for prokaryotes evolving a tyrosine catabolic route via 4-HPP and homogentisate or using homogentisate as a starting block for new metabolites.
Finally, besides identifying three distinct origins of PAT functionality and illuminating possible drivers for the evolution of metabolic pathways for the aromatic amino acids, our results provide the identification of 15 aminotransferases. One, the S-DAPAT/PAT from M. tuberculosis Mtu_O50434, presents pharmacological interest as an antibacterial drug target. 
